selenocysteyl-tRNA-specific elongation factor, and an SECIS binding protein 2 (6) . In eukaryotes, SECIS is located in the 3' untranslated region (UTR) of selenoprotein mRNAs. Eukaryotic SECIS RNA folding is categorized into two slightly different secondary structures, forms 1 and 2, and the non-Watson-Crick quartet is highly conserved in both forms (7) .
Neither selenoprotein genes nor any of the components of the Sec insertion mechanism were found in the genomes of the plant Arabidopsis thaliana and the yeast Saccharomyces cerevisiae (8) .
The lack of selenoproteins in both organisms raised intriguing questions about the general role of selenoproteins in organisms and the strategy for Se utilization adopted during evolution. Little information on selenoproteins in Se-requiring photosynthetic organisms is available. Some selenoproteins have been discovered by bioinformatics approaches in photosynthetic organisms, such as the diatom Thalassiosira pseudonana and the green algae Ostreococcus tauri
and Ostreococcus lucimarinus (9) . Two selenoproteins were experimentally identified, i.e., a
Sec-containing glutathione peroxidase in
Thalassiosira pseudonana (10) and a protein disulfide isomerase-like protein in the haptophyte alga Emiliania huxleyi (11) . On the other hand, ten selenoproteins were identified in the unicellular green alga, Chlamydomonas reinhardtii, although Se is not essential for the growth of the alga (8).
Therefore, characterization and identification of selenoproteins in Se-requiring photosynthetic organisms will provide information to elucidate how Se functions in cellular metabolism and how Se utilization strategies have changed during evolution.
We reported previously that a haptophycean calcifying alga, the coccolithophorid E. huxleyi, classified as belonging to the protista, requires nanomolar levels of Se for growth and the selenite ion is the predominant species used by this alga (12) .
E. huxleyi is one of the most important algal species for primary production in the oceans; huge blooms of this species result in the formation of large amounts of calcium carbonate precipitate sediments, thus constituting a sink for atmospheric carbon dioxide (13) . We postulated that such high biological potentials of E. huxleyi may be related to the ability of this alga to efficiently use nutrients, including Se.
Our previous work demonstrated that selenite absorbed by algal cells was incorporated into low-molecular weight selenocompounds as previously observed in land plants (14) , and was also used for the synthesis of Se-containing proteins that were synthesized de novo via the translation process in our previous work (15) . We also found that E.
huxleyi possesses at least six selenoproteins (EhSEP1-6). Of these, EhSEP2, is homologous to protein disulfide isomerase (11) . These results
suggest that E. huxleyi possesses both a land plant-type Se metabolic system and the Sec insertion mechanism for selenoprotein synthesis. Therefore, the identification and molecular characterization of as yet unidentified selenoproteins in E. huxleyi are very important to confirm experimentally how Se functions in and associates with protein molecules.
In this study, we found that EhSEP1 of E. huxleyi is highly homologous to animal thioredoxin reductase (TR) 1. In this selenoprotein, the form 2 SECIS is located in the 3' UTR region and Sec is encoded by a penultimate TGA codon located within the C-terminal tetrapeptide active site, as in animal TRs.
EhSEP1 requires Se for stimulating its activity but not for the regulation of its induction at the transcriptional level in E. huxleyi.
Experimental procedures

Cell growth
The coccolithophorid, Emiliania huxleyi (Lohman) Se-labeled proteins were visualized by radioluminography using a BAS2500 system (Fuji Film, Tokyo, Japan).
Purification of non-radioactive EhSEP1 and amino acid sequence analysis
Non-radioactive EhSEP1 was prepared from 50-L cultures using the same protocol as described for The PCR products thus obtained were cloned and sequenced as described above. 3'-RACE and 5'-RACE PCR were performed using LA Taq with GC buffer (Takara Bio, Ohtsu, Japan) for amplification.
Preparation of Se-depleted cells
Cells were pre-grown for one week in the medium without Se to deplete the internal Se concentrations.
The cells were then inoculated into fresh medium without Se. The resuspended cells were used as Se-depleted cells.
Northern blotting analysis
Aliquots of 10 μg of total RNA were electrophoresed on 1.17% formaldehyde-denaturing agarose gels. RNAs in the gels were transferred to and then UV-cross-linked with Hybond-N + nylon membranes (GE Healthcare Bio-Sciences). These
RNAs were hybridized with 32 P-labeled EhSEP1 generated with a BcaBEST labeling kit (Takara Bio).
Hybridization was performed as described by
Church and Gilbert (17) . After washing off the unhybridized probes, radioactivity of the bands was determined by BAS2500 with the Image Gauge software (Fuji Film).
TR assay
Cells harvested by centrifugation at 4°C were ). The protein concentration was determined using a protein assay kit (Bio-Rad Laboratories, Hercules, CA). The changes in EhSEP1 mRNA levels under Se-sufficient and Se-deficient conditions were analyzed by Northern hybridization (Fig. 4) . No significant differences in gene expression of EhSEP1 were observed between the cells containing 10 nM selenite and those without Se treatment (Fig. 4) .
Results
To identify selenoproteins in
Cell growth stopped in the Se-deficient culture.
However, growth recovered when 10 nM selenite was added to the Se-deficient medium (Fig. 5A ).
The crude extracts of E. huxleyi grown in Se-sufficient medium clearly exhibited high TR activity toward both the general substrate DTNB and human thioredoxin (Fig. 5, B and C) . When E.
coli thioredoxin was used as a substrate, the activity was significantly lower than that with human thioredoxin (data not shown).
In both assays, the TR activity was strongly inhibited by the TR inhibitor supplied with the TR assay kit (Sigma-Aldrich). In the insulin reduction assay, the activity determined with the inhibitor was nearly the same level as that determined without thioredoxin, indicating that there was no thioredoxin derived from E. huxleyi cells in the extracts (Table 1) .
TR activity was very low in Se-depleted cells, but (27) . As the TR activity in the crude extracts of E. huxleyi was detected by thioredoxin reduction, the activity should not be due to NTRC.
The nucleotide and amino acid sequences of the second most abundant selenoprotein EhSEP1 in E.
huxleyi (Fig. 2) showed a high degree of identity with TR1 in animals ( (Fig. 2) . This value is approximately the same as that of EhSEP1 determined experimentally on SDS-PAGE (Fig. 1) .
In EhSEP1, the initiating methionine has not yet been precisely identified because the N-terminal residue of EhSEP1 was blocked. However, the nucleotide sequence of EhSEP1 cDNA revealed the presence of an in-frame stop codon upstream of a putative initiation codon. Therefore, EhSEP1 would be translated from the putative initiation codon located at the most upstream region of the sequence.
We studied the effects of Se on the levels of Therefore, we cannot completely exclude the possibility that the TR activity determined experimentally in this study was due to TRs other than EhSEP1.
However, we suggest that the TR activity in the extracts of E. huxleyi was due to EhSEP1 because: TR activity detected in Se-depleted cells was quickly recovered when selenite was added to the medium.
Altogether, our findings strongly suggest that TR activity in the crude extracts of E. huxleyi is due to EhSEP1 that is induced when Se is present during growth.
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